The Kemicond process for sludge conditioning consists of a chemical treatment with sulphuric acid and hydrogen peroxide at a pH-value around 4 followed by a dewatering unit. It is shown that through the chemical treatment of ferruginous digested sludge the dewaterability, measured in laboratory experiments as CST-value, can be improved. From the results of the experiments, it is concluded that the Fenton's reaction by oxidising organic matter and the formation of iron hydroxo complexes are important reaction mechanisms. Further, the organic matter is changed by the acid-oxidative process. With the improvement of the dewaterability, it is possible to achieve a higher TS concentration, which effects a reduction of the sludge volume.
INTRODUCTION

The Kemicond process
Studies in Darmstadt (Germany) and Helsingborg (Sweden) indicate that the dewatering of ferruginous digested sludge can be improved by the conditioning with sulphuric acid followed by oxidation with hydrogen peroxide. Based on these experiments the so-called Kemira conditioning process (Kemicond process) was developed (Cornel et al., 2004) . The goal of the process is the improvement of sewage sludge dewatering. The process offers the potential for the recovery of precipitants and/or phosphate by slight process modifications (Schaum et al., 2005) . By the addition of sulphuric acid (H 2 SO 4 ) to the digested sludge (1), the pH-value is lowered from neutral to around 4. After the addition of hydrogen peroxide (2), the sludge can be dewatered (4) with conventional dewatering devices like centrifuges, belt filter presses or chamber filter presses. Alternatively, it is also possible to use a combination of a screening drum and a screw press for dewatering, cf. figure 1. 
Theoretical background -Reaction mechanisms
During the anaerobic treatment of sewage sludge, ferric iron (Fe 3+ ) is reduced to ferrous (Fe 2+ ) and precipitated mainly as iron sulphide. By the addition of sulphuric acid and adjustment of a pH-value between 3 and 5, iron is dissolved as ferrous. The iron concentration varies, depending on the iron content of the sludge, which is mainly depending on the precipitant in use for the phosphorus elimination process during the wastewater treatment.
In presence of catalytically reacting ferrous iron, the formation of hydroxyl radicals is induced by the addition of hydrogen peroxide, named after the discoverer H. J. H. Fenton. Fenton's reagent is known to have different treatment functions depending on the Fe 2+ /H 2 O 2 ratio (cf. Yoon et al., 1998) 
:
Coagulation. When the amount of Fe 2+ employed exceeds that of H 2 O 2 , the treatment tends to have the effect of a chemical coagulation -the dissolved ferrous ions are oxidized and transferred into ferric, which then precipitate as iron hydroxo oxide and can have an influence on e.g. the dewatering of sludge through co-precipitation processes, of phosphorus and organics.
According to bioflocculation models, divalent cations, like calcium and magnesium, and also trivalent cations, like iron and aluminium, affect the floc structure together with the organic part, especially the exocellular polymeric substances (EPS), composed of proteins, polysaccharides, humic compounds, nucleic acids and lipids (Sobeck and Higgens, 2002) , (Biggs et al., 2001) , (Bruus et al., 1992) . Depending on the model, the organic structure, also known as biopolymer, helps to aggregate und stabilize the floc matrix. Novak et al. (2003) found evidence for an increase of the dissolved proteins during digestion. They concluded that a part of the proteins in flocs is retained by iron, which had been reduced and precipitated as iron sulphide during the anaerobic treatment, whereby the proteins are It is possible, that after an "activation" of the iron sulphide by Fenton's reaction, iron is transformed to iron hydroxo complexes, which can re-initiate the bioflocculation with positive effects for the dewatering.
Oxidation. When a surplus of hydrogen peroxide is added, the treatment tends to have the effect of a chemical oxidation (Neyens and Baeyens, 2003 :H 2 O 2 = 2. In the presence of organic matter, the organics compete with the ferrous for the radicals, which leads to an increase of the H 2 O 2 consumption (Yoon et al., 2001) . Neyens et al. (2003) showed in laboratory and pilot scale experiments an improvement of the dewaterability after treating sewage sludge with Fenton's reagent. After the adjustment of the pH-value to 3.0 with sulphuric acid, iron and hydrogen peroxide, in a ratio between Fe
2+
:H 2 O 2 = 1:4 -1:40, was added. Before the dewatering step in a filter press, the sludge was neutralised with calcium hydroxide and conditioned with polymer. Similar results were found by Buyukkamaci (2004) in laboratory experiments. In both studies, the different reaction mechanisms, coagulation and/or oxidation, were not analysed. Further, both studies added iron to initiate Fenton's reaction and do not consider the influence of the existing iron of the sludge.
METHODS
The total composition, except silicon, of the sludge was analysed by ICP-OES with a Perkin Elmer Optima 3200 DV (DIN EN ISO 11855, 1998) after the dissolution of the dried sludge with nitrohydrochloric acid (aqua regia) (EN 13346, 2000) . The total solids (TS) and suspended solids (SS) were analysed at 105°C according to (DIN EN 12880, 2001 ), the total volatile solids (TVS) were analysed at 550°C (DIN 38414, 1985) .
In laboratroy tests, 1 liter (l) sludge was treated with the Kemicond process in a glass beaker, stirred by a magnetic or propeller agitator. During an online measurement of the pH-value (WTW pH 197 with Mettler Toledo Inlab 1003 electrode), concentrated (96 %) sulphuric acid was dosed. After a reaction time of about 30 min, hydrogen peroxide (30 % solution) was dosed. After a reaction time of 30 min, the change of the dewaterability and the dissolved Fe and P concentrations as well as the COD and the ammomium-nitrogen were analysed. The oxygen concentration was measured by a WTW Oxi 197-S with a WTW CellOx 325 electrode.
The change of the dewaterability was analysed by the capillary suction time (CST), compare (Spinosa and Wichmann, 2005) , Triton 200 with Whatman 17 CHR filter paper, and by the specific resistance time (SRF) or also named Buechner filtration with Schleicher & Schuell 589/1 filter paper, whereby the filtration was mainly necessary to get a filtrate for the analysis. The concentrations of the dissolved Fe and P were analysed by ICP-OES (DIN EN ISO 11855, 1998), COD and NH 4 -N by quick tests, Dr. Lange LCK 514, LCK 303, respectively, and measured with a Dr. Lange LASA 20 photometer. The dissolved proteins were analysed according to Coomassie dye -binding assay or also known as Bradford assay (Lovrien and Matulis, 1995) , measured with a Photometer Zeiss PMQ 3. The concentrations were measured against a bovine albumin standard.
In pilot plant experiments, about 5 m³ sludge per batch were treated. After the Kemicond treatment, the sludge was dewatered in a centrifuge, Alpha Laval NX 314B-31 with a flow rate of approximately 2.5 m³/h, and in a chamber filter press, Schule GmbH with 6 chambers each in a size of 250 × 250 mm, operated under a constant flow rate of approximately 140 l/h. The addition of the chemicals, 96 % H 2 SO 4 and 10 % H 2 O 2 , was done by dosing pumps and an online pH-value measurement (WTW pH 170 R/T with a WTW Xerolyt electrode) computercontrolled.
RESULTS AND DISCUSSION
Laboratory Results
Two different sludge types were analysed, both originating from municipal wastewater treatment plants (WWTP). Both are activated sludge plants with phosphorus and nitrogen removal (nitrification and denitrification). WWTP #E has about 50,000 and WWTP #B about 90,000 installed population equivalents (p.e.).
For the phosphorus elimination, WWTP #E adds aluminium salts whereas the phosphorus elimination of WWTP #B is based on enhanced biological phosphorus removal (EBPR) case by case assisted by the addition of iron salts. According to the P-elimination process, the Feconcentration in sludge WWTP #B is three times higher than in sludge WWTP #E, cf. Table 2 . For the Al-concentration, the difference in the sludge is not that significant, as a base level of Al is given by the Al deriving from detergent zeolites, which are used as softener in usual household detergents (Jardin and Pöpel, 1996) . Jardin (1995) estimates an aluminium concentration from the zeolites of about 23 g/kg TS in digested sludge.
The sludge samples were taken after the anaerobic stabilization. The TS concentrations were about 3 %, cf. Table 2 . Figure 2 shows for both sludge types the capillary suction time (CST) versus the pH-value for sludge treated with 10 kg H 2 O 2 /Mg TS (1 Mg = 1,000 kg) and without H 2 O 2 , respectively. When lowering the pH-value, the CST-value decreases, with an optimum between pH-value 3 and 4.
The CST-value of the hydrogen peroxide treated sludge increases at pH-values of 6 to 7.5, because of the decomposition of H 2 O 2 into water and oxygen, which causes fine bubbles disturbing the dewatering. The decomposition can be measured by an increasing of the O 2 concentration from around zero (anaerobic conditions) to around 30 to 40 mg/l O 2 .
The CST-value of sludge WWTP #B is much more affected by the addition of hydrogen peroxide, compared to the CST-value of sludge WWTP #E, where the addition of H 2 O 2 has no further positive effect. For the sludge WWTP #B, the CST-value can be decreased from about 60 sec/%TS without H 2 O 2 to about 10 sec/%TS by the addition of H 2 O 2 at a pH-value of around 3.
The results indicate that an optimization of the CST-value by the addition of hydrogen peroxide is much more significant for iron-precipitated sludge (sludge WWTP #B) than for the aluminium-precipitated sludge (sludge WWTP #E) (Schaum et al., 2006) . Table 3 shows the consumption of sulphuric acid for an adjustment of the pH-value, whereby the acid consumption depends on the acid capacity of the sludge. in the dissolved iron and phosphate concentration probably due to Fe 3+ formation and the precipitation of iron (phosphate) complexes, cf. Figure 3 (Schaum et al., 2006 Table 4 , which indicates the important factor of iron. With the additional dosed ferrous, the hydrogen peroxide dosage has to be increased, too. Next to the inorganic compounds, it can be expected, that the acid-oxidative treatment affects also the organic matter significantly. According to Novak et al. (2003) , cf. also chapter introduction, the dissolved proteins and cations influence the dewaterability. To get a first indication, the change of the dissolved proteins was analysed. By the acid-oxidative treatment, the dissolved protein concentration decreases from around 120 mg/l to about 20 mg/l (according to Bradford), cf. Figure 4 . It can be assumed that the decrease is caused by a precipitation or denaturation of the proteins. The change of the exocelluar polymeric substances (EPS), especially the influence of the polysaccharides and the humic acids will be part of the further research to identify the relevance of the organics to the dewaterability, especially during the Kemicond treatment. 
Pilot scale results
First results show that the values from the laboratory are comparable with the pilot plant experiments, whereby the improvement of the dewaterability created an increase of the TS concentration of the dewatered sludge, an improvement of the reject quality, expressed as suspended solids (SS) and a reduction of the polymer conditioning. Due to the impact, that the acid-oxidative treatment is more effective for the iron containing sludge, only the results of sludge WWTP #B are shown. Under comparable conditions, which means a differential speed (Δrpm) of about 4.2, a polymer dosage of about 11 kg/Mg TS and a flow of about Q sludge = 2.5 m³/h, the TS concentration of sludge WWTP #B can be increased by 30 % with the optimal Kemicond treatment (pH-value 3.7, 10 kg H 2 O 2 /Mg TS) under the dewatering in a centrifuge, cf. Table 5 and Figure 6 . The SS concentration decreased from about 12 g/l to about 1 g/l after the Kemicond treatment.
According to the laboratory results, Figure 6 shows, that the optimal pH-value is around 3.5. A higher pH-value around 4.5 leads to a decrease of the TS concentration of the filter cake, together with an increase of the SS concentration of the filtrate. Similar results could be observed for the addition of H 2 O 2 , whereby the addition of 20 kg H 2 O 2 /Mg TS deteriorates the dewaterability, cf. Figure 6 . 
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The improvement with a chamber filter press was around 40 % by similar settings in both experiments, maximum pressure about 15 bar, polymer dosage of about 9 kg/Mg TS, sludge flow of about Q sludge = 140 l/h. Because of the constant sludge flow the pressing time increased from about 30 min for the feed sludge to about 60 min for the treated sludge, cf. Table 5 . For large-scale application, it might often be possible to use available equipment, like secondary thickener, storage and dosing tanks, which are mostly installed for the operation of chamber filter presses. If existing equipment can be used, only slight modifications, e.g. change of the agitation system, could be necessary.
Further experiments will show the applicability for a continuous operation mode, in order to reduce the volume of the reactors and with a special focus on centrifuges. 
CONCLUSIONS
The Kemicond process can improve the dewaterability of digested sewage sludge by an acidoxidative treatment. The process makes use of the available compounds in the sludge, especially iron, by activation with hydrogen peroxide under acidic conditions. The required iron content determines a main application field of the Kemicond process for wastewater treatments plants (WWTP) , that use iron salts for the wastewater treatment, e.g. for the phosphorus elimination.
The adjustment of the pH-value to approximately 4 causes a dissolution of ferrous iron, which can react with the added hydrogen peroxide as Fenton's reagent. On the one hand, Fenton's reaction implies an oxidation of ferrous to ferric, which can initiate a coagulation process as iron hydroxo complexes in co-precipitation with phosphorus and organics like proteins. On the other hand, the formed hydroxyl radicals by Fenton's reaction can react with the organic matter, e.g. the exocelluar polymeric substances (EPS). It can be assumed that both reactions are important for the change of the dewaterability.
With the Kemicond treatment, the sludge volume will be reduced, expressed as a higher TS concentration of the dewatered sludge. As a consequence, the disposal costs of the sludge will decrease.
In the case of the installation of the process on a WWTP, existing dewatering machines like chamber filter press or centrifuges can be used. In many cases, especially when the WWTP has a chamber filter press, a conditioning tank is available, which can be modified for the Kemicond process. In the future work, the Kemicond process will be modified and optimized for a continuous operation, whereby the reactor volumes can be minimized.
The composition of the reject after the sludge dewatering unit changes with some minor consequences for return flow to the wastewater treatment plant. It can be expected that the slight increase of the COD and NH 4 -N concentration in the reject will not cause any problem for most WWTP in Germany. In addition to that, the pH-value ranges at a lower level with the Kemicond treatment. If it should be necessary to level out the decreased pH-value of the reject, a neutralization step, e.g. with caustic soda or lime, can be added, depending on the acid capacity of the reject.
The first commercial-scale Kemicond process is build at the WWTP Käppala (Stockholm, Sweden). The plant is expected to be operational in summer 2006.
